Abstract. The objective of this study was to evaluate the predictive performance of several allometric empirical models (body weight dependent, age dependent, fixed exponent 0.75, a data-dependent single exponent, and maturation models) to predict glomerular filtration rate (GFR) in preterm and term neonates, infants, children, and adults without any renal disease. In this analysis, the models were developed from GFR data obtained from inulin clearance (preterm neonates to adults; n = 93) and the predictive performance of these models were evaluated in 335 subjects (preterm neonates to adults). The primary end point was the prediction of GFR from the empirical allometric models and the comparison of the predicted GFR with measured GFR. A prediction error within ±30% was considered acceptable. Overall, the predictive performance of the four models (BDE, ADE, and two maturation models) for the prediction of mean GFR was good across all age groups but the prediction of GFR in individual healthy subjects especially in neonates and infants was erratic and may be clinically unacceptable.
INTRODUCTION
Glomerular filtration rate (GFR) is widely used to characterize renal function across different age groups (preterm neonates to adults) and the knowledge of GFR is helpful for the adjustment of dose in children and adults for those drugs which are primarily eliminated by the renal route (1) . GFR is generally determined by estimating the clearance of endogenous markers such as creatinine or cystatin-C and exogenously administered substances such as inulin, mannitol, iohexol, or 51 Cr-ethylene diamine tetra-acetic acid ( 51 Cr-EDTA) (1) . Besides determining GFR experimentally, equations with endogenous markers (such as Cockcroft-Gault and Schwartz formula) have been developed for everyday clinical use (1) . These equations are intended to replace GFR (measured by inulin or creatinine clearance) as the use of these equations for GFR estimation may save time and effort.
Empirical approaches such as allometric scaling based on weight or age can be useful for the prediction of GFR across different age groups (from pre-term neonates to adults). Using the data of Rubin et al (2), Hayton (3) developed an allometric model incorporating the maturation and growth of renal function that could be used to predict GFR in different age groups. Although Hayton suggested a fixed exponent of 0.662 for GFR, it is possible that a single exponent cannot describe the GFR data across all age groups (4) . This phenomenon has been observed with the clearances of drugs when allometric models were developed across different age groups (4) .
In recent years, in order to predict drug clearance in children, two empirical models known as maturation model and body weight-dependent allometric exponent (BDE) model have been proposed. The maturation model has been applied to predict clearance of several drugs such as morphine (5) , propofol (6) , and midazolam (7) . The BDE model has been applied to predict clearance of morphine (8) , propofol (9, 10) , and busulfan (11) . Besides BDE model, another empirical model called age-dependent exponent (ADE) model has been developed for the prediction of drug clearance from preterm neonates to adults (4) . Both BDE and ADE models predict clearances of drugs based on allometric exponents which change with body weight or age.
Using the concept of maturation model, Rhodin et al (12) suggested an empirical maturation model to predict GFR in children and adults using weight and postmenstrual age. The authors pooled the data from different studies that included healthy subjects, premature neonates, and children. In these studies, the GFR was measured by different methods that included inulin, mannitol, polyfructose, iohexol, and 51 Cr-EDTA. Rhodin et al did not validate their maturation model by external data (data not used in the model) hence the predictive power of their model remains unknown. The ADE model has not been used to predict GFR across different age groups.
The views expressed in this article are those of the authors and do not reflect the official policy of the FDA or any private enterprise. No official support or endorsement by the FDA or any private enterprise is intended or should be inferred.
The objectives of this study were to develop several empirical models from preterm to adults with normal renal function to predict GFR from pre-term neonates to adults. The description of these models is as follows:
& To develop BDE, ADE, and maturation models to predict GFR for different age groups.
& To develop two allometric models; one based on data-dependent allometric exponent and the other based on fixed exponent 0.75.
& To evaluate the predictive performance of the empirical maturation model of Rhodin et al for GFR estimation using data that were not used by the authors in the development of their model (with the exception of one data set).
& To compare the predictive performance of all models for the prediction of GFR across different age groups by comparing predicted GFR by the models with experimentally determined GFR.
METHODS

Development of the Models
From the literature, GFR data measured by inulin clearance were obtained for different age groups. The subjects did not have any known renal disease or renal dysfunction. Models were developed from 93 subjects' GFR data. The following is the description of the data in the model development:
Preterm neonates (n = 20): gestational age = 27-37 weeks; chronological age = 0.3-4.2 weeks; body weight = 0.68-2.25 kg; GFR = 0.5-2.74 mL/min (13); Term neonates (n = 15): gestational age = 38-42 weeks; chronological age = 0.3-2 weeks; body weight = 1.04-4.64 kg; GFR = 1.38-8.4 mL/min (14, 15) ; Infants (n = 18): chronological age = 1.9-15 months; body weight = 6-11 kg; GFR = 6-37 mL/min (16); Children (n = 20): chronological age = 2.75-16 years; body weight = 13-51 kg; GFR = 31-114 mL/min; and (17, 18) ; Adults (n = 20): chronological age = 25-49 years; body weight = 51-84 kg; GFR = 87-167 mL/min (19) .
Model 1: Body Weight-Dependent Exponent Model (BDE)
The relationship between individual body weight (BW i ) and individual GFR values (GFR i ) of different age groups were described by Eq. 1.
Where, L × BW i -M defines the body weight-dependent exponent for GFR. The coefficient and the exponents L and M were estimated.
Individual reported GFR values from neonates to adults were analyzed by ADAPT 5 (User's Guide: Pharmacokinetic/ Pharmacodynamic Systems Analysis Software. Biomedical Simulations Resource, Los Angeles, 2009) using the maximum likelihood estimator. Graphic plots were prepared using Prism (Version 6.01, GraphPad Software Inc, La Jolla, CA).
Model 2: Age-Dependent Exponent Model (ADE)
In this method, different exponents were used for different age groups and GFR was predicted in a given age group according to Eq. 2.
Where the Badult GFR^is the mean adult GFR (120 mL/ min). W C is the weight of a child and 70 is a standardized adult body weight. In order to predict GFR in adults, actual adult body weight was divided by 70 kg in Eq. 2.
Exponent Bb^in Eq. 2 is age dependent. The exponents used in this method were 1.15, 1.0, 0.9, and 0.75 for preterm neonates, term neonates, >6 months to 1 year, and >1 year, respectively. The exponents selected in the ADE model are based from previous experience with the prediction of drug clearance across different age groups, exponents from BDE model analyzed in this study, observation, and data analysis. The range of exponents in the ADE model is arbitrary and was selected based on the suitability of the exponents to predict GFR values as close to the observed GFR values.
Model 3: Allometric Model (Fixed Exponent 0.75)
The GFR was predicted in individual subject by using a fixed exponent of 0.75 on body weight as shown in Eq. 3. The denominator refers to a standard adult body weight of 70 kg
Where the Badult GFR^is the mean adult GFR (120 mL/ min). W C is the weight of a child and W A is the weight of an adult standardized to 70 kg. In order to predict GFR in adults, actual adult body weight was divided by 70 kg in Eq. 3.
Model 4: Allometric Model (Data-Dependent Exponent)
This model was developed using the GFR and body weights from preterm neonates to adults. In this model, GFR values were plotted against body weights/70 kg of different age groups on a log-log scale and Eq. 4 was then used to predict GFR across different age groups.
Where Ba^is the coefficient and Bb^is the exponent of the allometric equation.
Model 4 differs from models 1 and 2 with respect to exponents. Models 1 and 2 assume that the exponents of allometry vary depending on weight or age whereas model 4 assumes that a single exponent can describe the entire data across all age groups. Model 4 also differs from model 3 with respect to exponent since model 3 assumes that GFR can be estimated from a fixed exponent of 0.75 across all age groups. Cr-EDTA.
Validation of the Models
Models 1-5 were validated with external data (not included in the model) for several age groups. Although, in this study, the models were developed from inulin clearance only, the models were also validated for creatinine clearance (CRCL). The description of the validation data (n = 335) are as follows:
Inulin Preterm (n = 109) (references (6, (20) (21) (22) ); term (n = 29) (21, 22) ; children (4-11.3 years; n = 17) (17,18); adolescents (12-15 years; n = 14) (18, 23, 24) ; adults (19-49 years; n = 34 (19, 23, 24) ; total = 203 subjects CRCL preterm (n = 29) (25, 26) ; term (n = 31) (14, 25, 26) ; infants (7-113 days; n = 12) (27); children (3.3-12 years; n = 21) (28-30); adolescents (13-17 years; n = 6) (29, 30) ; adults (20-39 years; n = 33) (31-34); total = 132 subjects.
Although Coulthard's (13) data were used by Rhodin et al in the development of their model, data from Coulthard (preterm neonates) were used in the validation of all models because these data set helped to increase the sample size for the validation. In this study, Coulthard's data were not used in the development of any model.
STATISTICAL ANALYSIS
Percent error between the observed and predicted values was calculated according to the following equation:
The bias of the methods was measured by calculating the mean prediction error (MPE) according to the following Eq. (7):
Where n is the number of observations. The precision of the methods was measured by calculating the root mean square error (RMSE) according to the following Eq. (8):
Both MPE and RMSE were expressed as percent of mean using Eq. 10:
Further assessment of the suitability of the methods was done by grouping the number of subjects for each age group according to %error; from ≤10 to ≤30% (35, 36) .
RESULTS
The observed and predicted GFR values using inulin and CRCL by different models for different age groups, bias and precision of the prediction and the percent of subjects within 10 or 30% prediction error are summarized in Tables I, II, III, and IV. The GFR models were validated in a total of 335 subjects of which there were 203 subjects for inulin clearance and 132 subjects for CRCL.
GFR was predicted in an individual subject but the results are presented as mean GFR in a given age group. The mean predicted GFR values were in good agreement with the observed GFR values for all models (exception being exponent 0.75 for preterm and term neonates). Mean GFR values, however, are of no practical value; hence, the focus was on individual GFR prediction with especial emphasis on preterm and term neonates and younger children. Individual predicted GFR values, in most of the instances, were erratic, and were not in agreement with the observed GFR values. Individual prediction error of GFR ranged from 0% to more than 100% from all models with uncertainty in individual prediction. In this analysis, a prediction error of ≤30% for individual GFR was considered acceptable (35, 36) . The results of the study for the individual models are summarized below.
Model 1: Body Weight-Dependent Exponent Model (BDE)
Estimated BDE model parameters (coefficients and exponents L and M) and percent coefficient of variation (%CV) for GFR from inulin clearance data were as follows:
Prediction of GFR based on inulin clearance The mean (±sd) exponents of allometry from BDE model for preterm neonates, term neonates, children, adolescents, and adults were 1.15 ± 0.06, 1.04 ± 0.05, 0.73 ± 0.04, 0.66 ± 0.03, and 0.63 ± 0.01, respectively. The exponents of allometry followed the general pattern seen with the BDE models for the prediction of drug clearance and are allometrically meaningful since the exponents of allometry for drug clearance vary with age. The mean predicted and observed GFR values in different age groups from BDE are summarized in Table I . Figure 1 represents a BDE model of GFR (from preterm neonates to adults). The mean predicted GFR values in all age groups by the BDE model were in good agreement with the observed mean GFR values. The bias and precision of the BDE model are shown in Table II . With increasing age, the bias in the BDE models' predictive power decreased and the precision improved. The individual prediction of GFR was erratic, especially in preterm and term neonates. In preterm neonates, 41% subjects had a prediction error of ≤30%, whereas in term neonates, there were only 31% subjects with less than ≤30% prediction error (Table III) . In children, adolescents, and adults, more than 75% of individuals had prediction error ≤30% (Table III) . The number of subjects with ≤10% prediction error in each age group was less than the number of subjects with prediction error of ≤30%.
Prediction of GFR based on creatinine clearance The BDE model developed from inulin clearance was tested with the GFR measured from CRCL. The mean (±sd) exponents of allometry from BDE model for preterm neonates, term neonates, infants, children, adolescents, and adults were 1.10 ± 0.07, 1.01 ± 0.03, 0.99 ± 0.03, 0.73 ± 0.04, 0.68 ± 0.02, and 0.61 ± 0.01, respectively.
The mean predicted and observed GFR based on CRCL in different age groups from BDE are summarized in Table II . The mean predicted GFR values in all age groups by the BDE model were in good agreement with the observed mean GFR values. The bias and precision of the BDE model are shown in Table IV . As seen with the prediction of GFR based on inulin clearance, with increasing age bias in the BDE models' predictive power decreased and the precision improved. The individual prediction of GFR was erratic, especially in preterm and term neonates. In preterm neonates, approximately 48% subjects had a prediction error of ≤30%, whereas in term neonates, there were about 52% (Table IV) . In children, adolescents, and adults, more than 65% of individuals had prediction error ≤30% (Table IV) . Overall, from the BDE model, predicted mean GFR from preterm neonates to adults was comparable for all age groups but individual prediction was erratic especially in preterm and term neonates. Even in children, adolescents, and adults, the prediction error of >30% was observed in about 20-25% subjects.
Model 2: Age-Dependent Exponent Model (ADE)
Unlike fixed exponent of 0.75 (model 3) or single exponent allometry, ADE uses different exponents for different age groups. The exponents used in this method were 1.15, 1.0, 0.9, and 0.75 for preterm neonates, term neonates, >6 months to 1 year, and >1 year, respectively. Both in terms of mean and individual prediction of GFR, ADE predictive performance was far superior to the fixed exponent of 0.75 in preterm and term neonates as well as in children at least till 1 year of age.
Prediction of GFR based on inulin clearance The mean predicted and observed GFR values in different age groups from ADE model are summarized in Table I . The mean predicted GFR values in all age groups by the ADE model were in good agreement with the observed mean GFR values. The bias and precision of the ADE model are shown in Table II . In preterm neonates, approximately 58% subjects had a prediction error of ≤30%, whereas in term neonates, there were only 35% subjects with less than ≤30% prediction error (Table I) . In children, adolescents, and adults, more than 70% of individuals had prediction error ≤30% (Table II) .
Prediction of GFR based on creatinine clearance The mean predicted and observed GFR values in different age groups from ADE model are summarized in Table II . The mean predicted GFR values in all age groups by the ADE model Preterm  41  58  0  51  48  47  19  27  0  16  20  17  Term  31  35  3  38  45  41  17  7  0  10  10  10  Children  77  71  71  71  77  71  24  18  18  24  35 Preterm  48  66  0  59  72  55  17  21  0  31  14  21  Term  52  45  0  48  42  36  16  26  0  7  13  3  Infants  50  67  8  75  75  67  25  17  0  17  25  25  Children  81  76  76  71  71  76  24  29  29  29  24  29  Adolescents  67  50  50  67  67  50  33  0  0  17  33  0  Adults  88  91  91  18  76  91  36  42  42  3  27 Table IV . With increasing age, bias in the ADE models' predictive power decreased and the precision improved. In preterm neonates, approximately 66% subjects had a prediction error of ≤30%, whereas in term neonates, there were about 45% subjects with less than ≤30% prediction error (Table IV) . In children and adults, more than 75% of individuals had prediction error ≤30% (Table IV) .
Model 3: Allometric Model (Fixed Exponent 0.75)
Unlike ADE (model 2) and the data-dependent allometric models (model 4), this method uses a fixed exponent of 0.75 for the prediction of GFR, irrespective of age. The mean predicted and observed GFR values based on inulin and creatinine clearance are shown in Tables I and II , respectively. The mean predicted as well as individual GFR predicted values from this model were highly erratic (overestimated) in preterm, term, and infants. In these age groups, bias in the prediction was substantial and the precision was poor. In these three age groups, the prediction error of ≤30% was observed in only one subject. This model's predictive power was comparable with other models for children, adolescents, and adults.
Model 4: Allometric Model (Data-Dependent Exponent)
The coefficients and exponents of the allometric model were estimated to 194 mL/min (%CV = 8) and 1.21 (%CV = 2), respectively. Figure 1 represents a single-exponent allometric model of GFR (from preterm neonates to adults). The objective of the development of this model was to demonstrate that a single exponent does not describe GFR data across all age groups and more realistic models are BDE and ADE models (models 1 and 2). From Fig. 1 , it is obvious that GFR will be overestimated at least in adults and this was noted with the model validation (Tables I and II) . The mean predicted and observed GFR values in different age groups from this model are shown in Tables I and II, respectively. Overall, in preterm and term neonates, this model's predictive power was comparable with the BDE model (as well as other models) but as the age increased the models predictive power decreased. In adults, the GFR predicted by model 4 was substantially high with high bias and low precision as compared to other models. Based on inulin clearance and CRCL, the prediction error of ≤30% (individual subjects) in adults was observed in 24 and 18% subjects, respectively (Tables II and IV) .
Models 5: Maturation Models
In order to predict GFR from preterm neonates to adults, two maturation models were used. We developed a maturation model from 93 subjects GFR data obtained from inulin clearance. We compared our maturation model from the maturation model developed by Rhodin et The parameters of the two maturation models are different and this is not surprising because the parameters of a maturation model are data dependent and physiologically irrelevant.
Prediction of GFR based on inulin clearance
The mean predicted and observed GFR values in different age groups from both maturation models are summarized in Table I . Figure 2 represents our maturation model of GFR (from preterm neonates to adults). The mean predicted GFR values in all age groups from both maturation models were in good agreement with the observed mean GFR values. The bias and precision of both maturation models are shown in Table II . As seen with other models, with increasing age bias in both maturation models predictive power decreased and the precision improved. The individual prediction of GFR was erratic, especially in preterm and term neonates (Table II) . In preterm neonates, approximately 47-48% subjects had a prediction error of ≤30%, whereas in term neonates, there were about 41-45% subjects with ≤30% prediction error (Table II) . In children, adolescents, and adults, more than 70% of individuals had prediction error ≤30% (Table II) . Both maturation models followed the same pattern as seen with ADE and BDE models and were comparable with ADE and BDE models in terms of their predictive power.
Prediction of GFR based on creatinine clearance
The predictive performance of both maturation models were comparable and followed a similar pattern as seen with models 1 and 2 (Tables I, II , III, and IV). Model 1 has higher bias and lower precision than the two maturation models for preterm neonates. In preterm neonates, the number of subjects with prediction error of ≤30% by the BDE model was much lower than model 2 and the two maturation models. On the other hand, in term neonates, the BDE model performed much better than model 2 and the two maturation models. This indicates uncertainty in the predictive power of the models.
DISCUSSION
The knowledge of GFR can be important for the selection of a suitable dose for exclusively renally excreted drugs. One can determine GFR in a subject either by exogenous or endogenous markers or can estimate by one of the several formulae suggested by many investigators (1, 37) . However, determination of GFR by these markers can be time consuming and technically difficult. Administration of inulin or any other exogenous substance to neonates and young children to determine GFR can be much more difficult than older children and adults. Therefore, formulae or models can be very useful in the determination of GFR in a given population, especially in neonates and young children. Furthermore, it is important to establish the predictive performance of these formulae or models and the prediction error of these formulae or models must be clinically acceptable.
In this study, we developed two new models namely BDE and ADE models to predict GFR from preterm neonates to adults. Both these models have been proposed for the prediction of drug clearances in pediatrics (4, (8) (9) (10) (11) . Although the BDE model was developed based on inulin clearance, the model's predictive power was comparable for GFR based on inulin and creatinine clearance. The BDE model was developed based on only 93 subjects' data, yet its predictive power was comparable with the maturation model developed by the model of Rhodin et al which was based on 923 subjects' data and several methods of GFR estimation. In this study, we also developed a maturation model from 93 subjects' data and this model's predictive power was also comparable with the predictive power of the maturation model proposed by Rhodin et al.
In this study, we also used an ADE model which has been proposed and validated from external data for the prediction of drug clearance from preterm neonates to adults (4). The ADE model uses different exponents for different age groups and is based on previously published allometric concepts (38, 39) . The ADE models ability to predict GFR from preterm neonates to adults was as good as maturation or BDE models. The difference is that the ADE model is much easier to use than a maturation or BDE model.
The prediction of mean GFR from fixed exponent 0.75 (model 3) in preterm, term neonates, and younger children (≤3 months of age) was the worst compared to other models. The substantial prediction error introduced by exponent 0.75 in GFR observed in this study is in line with the observations noted in other studies for the prediction of drug clearances in the aforementioned age groups (4, 38, 40, 41) . In this study, however, it was observed that the predictive power of exponent 0.75 for GFR was comparable with other models in children >1 year of age (this will not be true for the prediction of drug clearances and generally exponent 0.75 provides a good prediction of drug clearances in children >5 years of age).
The inclusion of a sigmoidal model in the maturation model (Eq. 5) substantially improved the prediction of GFR in preterm and term neonates and infants as compared to the fixed exponent 0.75. Therefore, the sigmoidal part of the maturation model serves as a correction factor to reduce the substantial error introduced by exponent 0.75 when used alone on body weight. As observed with the ADE model, it is evident that one will not require a correction factor if one does not use the exponent 0.75 across all age groups. It should also be noted that the benefit of sigmoidal part of the maturation model disappears after certain age and the prediction of GFR is dependent on body weight, adult GFR, and a fixed exponent of 0.75. The parameters of maturation model are data dependent and are physiologically irrelevant (4, 42) . Although the parameters of maturation model developed by Rhodin et al and the maturation model developed in this study are very different (due to differences in sample size and methods of GFR estimation in the model of Rhodin et al), yet the predictive power of these two maturation models remains similar. The maturation model failed to predict individual GFR values within ±30% in most of preterm and term neonates and infants.
Allometric models are generally developed using body weight and a parameter of interest. Generally, weight and age correlate well and there is no real benefit in developing an allometric model or in fact any mathematical model with two well correlated parameters (38) . The maturation model uses both age and body weight; although there is no scientific basis ] plotted against post-menstrual age (PMA) in years (yr). The solid line represents the best fit to the nonlinear maturation model to do so, it does help in reducing the substantial error introduced by exponent 0.75 in the prediction of drug clearance or GFR as seen in this study.
The allometric coefficients and exponents widely vary depending upon the sample size, body weight, or age. The exponents of allometry do not have any physiological or biological meaning. There is also no consensus if there is a scientific basis to use any fixed exponent across all age groups even though in many instances there are several allometric exponents embedded within these age groups (4) . Recent studies by many investigators have shown that the concept of quarter-power law or so-called theoretical allometry (fixed exponents of 0.25, 0.75, or 1.0) is incorrect (43) (44) (45) (46) (47) (48) (49) (50) (51) . The exponents of allometry for drug clearance in preterm and term neonates are generally >1 (4, (8) (9) (10) (11) 39) . Therefore, it is not surprising that even for GFR the exponent 0.75 (model 3) provided a very poor prediction (systematic over-prediction by hundreds of percent) of GFR in preterm, term, and children ≤1 year of age as compared to exponent 1.15, 1.0, or 0.9, respectively.
Unlike the fixed exponent 0.75 allometric model, the ADE model is based on different exponents for different age groups (as outlined in this study). Different exponents used in the ADE model substantially reduced prediction error in preterm, term, and children ≤1 year of age as compared to a fixed exponent of 0.75. The exponents used in the ADE model are from previous experience with drug clearances, BDE model in this study, and data analysis. It is important to note that the exponents used in the ADE model have no physiological meaning and are arbitrary. Furthermore, these exponents are not necessarily the best or optimum.
Several studies have indicated that a single allometric exponent does not describe the entire data (body weight versus drug clearance or volume of distribution) across all age groups (4, (8) (9) (10) (11) . This was demonstrated by some recently published population PK studies. The authors of these studies develop models based on allometric exponents which change with body weight (BDE model). The studies demonstrated the importance for using different exponents as a function of body weight to predict drug clearance across different age groups. The BDE models also negate the notion that age along with body weight is required to predict drug clearance in children. We borrowed this concept to develop a BDE model for GFR. Like the BDE models developed for the prediction of drug clearance across different age groups, the BDE model's predictive power for GFR was as good as ADE and maturation models. The BDE models differ from previous models (for clearance) in that the exponents of allometry for GFR also vary depending on body weight. In this study, the exponents of allometry in younger children were >1 and decreased with increasing age. This observation reconciles with the observations of the BDE models (8) (9) (10) (11) as well as the nature of allometric exponents as observed by Brody, Wiesner, McMahon, and Bonner (52) (53) (54) .
Overall, the predictive performance of the four models (BDE, ADE, and two maturation models) for the prediction of mean GFR was good but the prediction of GFR in individual healthy subjects was not very encouraging. In preterm and term neonates, the individual prediction error was quite high.
The limitations of the empirical models as described in this manuscript should be recognized and can be summarized as follows:
1. Although the main objective of this study and the model of Rhodin et al was to propose a simple model to predict renal function based on body weight and/or age and GFR, it appears that such a model is too simplistic to achieve the clinical objectives (dose selection based on predicted GFR). All models provided a good estimate of the population mean but failed to provide a reliable prediction of GFR in an individual subject. The practical application in the clinical settings of these models lies in individual rather than mean prediction of GFR. Biochemical markers such as creatinine or cystatin C concentrations may need to be incorporated along with age or weight in an empirical model to improve the prediction of GFR in an individual subject. Many such methods (36, 37) are currently in use with individual prediction error ≤30% in more than 80% subjects. 2. The empirical models as described in this manuscript were developed from healthy subjects' data and can only be used in healthy population. It is well known that the disease states such as renal impairment (in some cases hepatic impairment) can substantially influence the GFR. Critically ill patients may be with or without normal kidney function. In critically ill patients, if the kidney function is not compromised then these empirical models can be used but one must note that the predictive power of these models in an individual subject is not reliable. On the other hand, if the kidney function of the critically ill patients is compromised then these models should not be used at all. In fact, a model which predicts both normal and abnormal renal function in a population is more desirable than a model which predicts renal function only in healthy subjects. The empirical models described in this manuscript are not capable of detecting the magnitude of renal impairment; hence, these models cannot be used in disease state (renal impairment) which further limits the application of these models in clinical settings. 3. The data for the development of the models in this study as well as Rhodin et al study were obtained from studies conducted from 1940s to 1980s. Therefore, the measurement errors over time in the GFR values (especially in neonates and younger children) in association with the assay methodologies cannot be ignored. Same is true for the data used for model validation. Although mean GFR values for all age groups were predicted with fair degree of accuracy, the prediction of GFR in individual subjects was poor. The prediction error in the GFR values for individual subjects may be inflated to some extent due to the measurement errors and assay methodologies of these old data. However, the more likely explanation of the poor prediction of GFR in individual subjects is due to enormous variability across individual subject data (especially in preterm and term neonates) and it is difficult to capture this high variability from any empirical model (55) . For example, in preterm and term neonates, the percent coefficient of variation (%CV) was 61 and 55%, respectively. In adolescents and adults, %CV was less than 20% and it was not surprising that the prediction of GFR in adolescents and adults from these models was superior to preterm and term neonates. 4. Measurement of creatinine concentrations and subsequently creatinine clearance may be influenced by age, muscle mass, and hydration state. For example, plasma creatinine concentrations at birth are much higher in relation to the size (and the muscle mass) of the newborn infant and remain so for 1 to 2 weeks (56). Especially, creatinine concentration is higher in preterm than term neonates and persists for a longer period of time.
According to Guignard and Drukker (56) , the high creatinine concentration levels in the newborn immediately after birth represent the maternal creatinine concentration and the continued high creatinine concentrations in preterm neonates may be due to tubular reabsorption. With time, total body muscle mass, GFR, and tubular secretion dictate the creatinine concentrations in an individual (56). 5. Since the individual prediction of GFR is erratic by the empirical models described in this manuscript, dose selection in an individual subject based on the predicted GFR by these models may not be used.
CONCLUSIONS
The current analysis indicates that the BDE, ADE, and maturation models can only predict mean GFR with accuracy in preterm and term neonates, infants, children, adolescents, and adults. Individual prediction of GFR in preterm and term neonates as well as in younger children is highly erratic and may be clinically unacceptable. This may not be surprising since all these models use only body weight (maturation model uses both body weight and age) which has no relationship with the true renal function of an individual. For example, the correlation coefficient (r 2 ) between body weight and GFR (inulin clearance) for preterm neonates and adults was 0.307 (n = 109) and 0.001 (n = 34), respectively.
In this study, a 30% prediction error was considered clinically acceptable (based on the literature) but one should also evaluate if the prediction error of more than 30% in the GFR (for example 50%) in an individual subject is clinically relevant?
It should be kept in mind that the models and formulas have their limits and, at present, there is no substitute for an accurate GFR determination (experimentally), particularly in neonates and young children. Models such as maturation, BDE, and allometric (and many others) may appear sophisticated on paper but in many instances the predictive power of these models may be poor and of little practical value to achieve certain clinical goals (57, 58) . Therefore, it is of utmost importance that the models and equations are rigorously validated from external data before any practical use.
